We have made the first observation of induced absorption extending -1 eV below the band edge in semiconductors strongly driven by intense ultrafast mid-infiared laser pulses, which we attribute to the dynamical Franz-Keldysh effect. We have observed for the first time, to our knowledge, ultrafast induced absorption below the band edge in semiconductors strongly driven by intense mid-infrared (MIR) pulses, which we attribute to the dynamical FranzKeldysh effect (DFKE). This ultrafast electro-absorption has the largest extent (-1 eV) below the band edge ever observed, to our knowledge. Phenomena of this type occur in matter when the applied electromagnetic field has a ponderomotive potential, U,, = (27w2/mc ) ( I / o ' ) , comparable to or greater than the photon energy, trw [I-51. Under such conditions, the behavior of matter is at the transition between classical and quantum response. To be able to strongly drive semiconductors, i.e. generate conditions in semiconductors where U,, = hw (accounting for the effective mass), while avoiding multi-photon absorption and sample damage, we used MIR laser pulses. Our source of tunable, intense MIR pulses (-200 fs or -I ps pulse duration, 3 pm to 10 pm) is an optical parametric amplifier (OPA) system with difference frequency mixing. Using either 3.5 pm or 6.2 pm MIR pump pulses from the OPA, we studied the DFKE by measuring the transmission spectrum around the band edge of a continuum probe after transmission through a strongly driven sample.
We have observed for the first time, to our knowledge, ultrafast induced absorption below the band edge in semiconductors strongly driven by intense mid-infrared (MIR) pulses, which we attribute to the dynamical FranzKeldysh effect (DFKE). This ultrafast electro-absorption has the largest extent (-1 eV) below the band edge ever observed, to our knowledge. Phenomena of this type occur in matter when the applied electromagnetic field has a ponderomotive potential, U,, = (27w2/mc ) ( I / o ' ) , comparable to or greater than the photon energy, trw [I-51. Under such conditions, the behavior of matter is at the transition between classical and quantum response. To be able to strongly drive semiconductors, i.e. generate conditions in semiconductors where U,, = hw (accounting for the effective mass), while avoiding multi-photon absorption and sample damage, we used MIR laser pulses. Our source of tunable, intense MIR pulses (-200 fs or -I ps pulse duration, 3 pm to 10 pm) is an optical parametric amplifier (OPA) system with difference frequency mixing. Using either 3.5 pm or 6.2 pm MIR pump pulses from the OPA, we studied the DFKE by measuring the transmission spectrum around the band edge of a continuum probe after transmission through a strongly driven sample.
We observed a dramatic decrease in transmission below the band edge, due to induced absorption, in strongly driven GaAs (350 pm thick, (100) orientation). As shown in Fig. 1 , this induced absorption using -1 ps driving pulses at 3.5 pm (-2~1 0 '~ W/cm2, U, = hw) is significant (-20% absolute transmission change) and extends more than 0.06 eV below the band edge. In addition, the effect persists only during the presence of the intense MIR pump, demonstrating the virtual nature of the effect, i.e., no carriers or lattice heating are involved. The effect is not specific to GaAs, as we also observed the DFKE in ZnSe and ZnTe. Fig. 2 shows the effect using the same driving field as in Fig. 1 , but in ZnSe (3 mm thick, polycrystalline), where the effect extends -1 eV below the band edge. Fig. 3 shows the effect in GaAs using -200 fs pulses at 3.5 pm (-2x10" W/cm2, U, > ho). Here, the effect is more dramatic due to the higher field.
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cm, o 2Aw mass, and No is the number of unit cells in the crystal. As seen from Eq. 1, the modified conduction band can be considered to consist of replicas (n # 0) of the original conduction band (n = 0), each separated by the driving field photon energy. This modification is the manifestation of the combined classical and quantum character of the response in this strongly driven regime, i.e., where U,, -ha. The DFKE cannot be understood by treating the applied strong laser light exclusively as a classical field (as in the static-field Franz-Keldysh effect) or exclusively as a photon (as in multi-photon absorption). The existing models predict an induced absorption with an absorption coefficient that is linear with the ponderomotive potential (or the driving field intensity) and with an extent that is on the order of the ponderomotive potential (or photon energy, since Up -ha) below the band edge [l, 5, 10, 111. Both of these predictions are consistent with our data. Using a model based on the Bloch-Volkov wavefunctions and the theory of x-ray absorption in gases in the presence of a strong laser field [12] , we are able to simulate the data in GaAs driven by a -1 ps, 3.5 pm MIR driving field with Up = ho.
In addition to the DFKE, other phenomena at the transition between classical and quantum response in semiconductors may be studied. For example, phenomena analogous to those observed in gases driven by highintensity laser fields may be studied in semiconductors. Thus, semiconductors provide an alternative to gases excited by high-intensity laser pulses for studying ponderomotive potential phenomena. In addition, phenomena that cannot be observed in gases may be evident in semiconductors. For example, the explicit coupling of the spatially periodic potential of the solid to the temporally periodic potential imposed by a strong electric field may be observed.
Besides the scientific interest, our measurements may have an impact on future technological development. Due to the large electro-optic modulation of NIR light using MIR pulses, one may use the DFKE using MIR lasers as a basis for an ultrafast optical modulator. Alternatively, electronics may be developed that are able to apply strong fields to electro-optic devices at THz frequencies. In either case, effects at the transition between classical and quantum behavior will have to be considered.
In conclusion, we have made the first observation of ultrafast electro-absorption below the band edge in semiconductors due to the dynamical Franz-Keldysh effect. The observed ultrafast absorption induced by intense MIR pulses has an extent below the band gap that is the largest ever observed, to our knowledge. The DFKE occurs at the transition between classical and quantum behavior, i.e., when the ponderomotive potential is comparable to the photon energy of the strong driving field.
